It is a great success that biotechnological means are available today to produce amounts of single human milk oligosaccharides (HMOs) in a purity which allows performing metabolic and functional studies even in humans. As recent data indicate that there is a link between the Lewis blood group and the secretor status of an individual and certain inflammatory diseases, this review will also focus on the metabolic fate of secretor-and Lewis blood group-specific components. We conclude that there is no simple urinary or fecal excretion pattern of HMOs, although the pattern in urine often reflects the mother's secretor/nonsecretor status. However, there are deviations for single HMOs which deserve special attention. In feces, the variation in excretion is much higher than in urine, which may be caused by variations in the infant's intestinal microbiota. A gradual decrease in HMO excretion with time as proposed earlier does not take place as even after 7 months of exclusive breastfeeding often intact HMOs can be detected in feces and urine. In addition, we found that whenever oligosaccharides were detected in feces, LNT, the major core structure of HMOs, was present. Hence, our data do not support speculations that LNT is a preferable source for the microbiota.
Introduction
Already around 1900, concomitant with the discovery of lactobacilli and bifidobacteria and their relevance for health and disease, pediatricians realized that the microbial composition of stool samples from breastfed and bottle-fed infants differed. Observations indicated that this difference was particularly linked to the milk carbohydrate fraction. This was the starting point of research on human milk carbohydrates. In the middle of the last century, the first human milk oligosaccharides (HMOs) were identified by Richard Kuhn in Heidelberg (Germany) [1] . At the same time, Paul György's studies in Heidelberg and later in Philadelphia (USA) focused on the identification of various HMOs as the "bifidus factor" in human milk ( Fig. 1 ) [2] . Meanwhile about 150-200 single HMOs have been characterized.
In recent years, there has been a tremendous increase in our knowledge regarding specific effects of HMOs [3] [4] [5] [6] [7] [8] [9] [10] . Even the first human studies on infant formula supplemented with single HMOs have already been published [11, 12] . In order to determine which compound(s) would be most suitable for supplementation, in which concentrations or combinations, and how long they should be given, studies are needed regarding the metabolic fate of HMOs as well as their local and systemic effects.
A straight forward strategy to investigate the metabolism of HMOs is to determine the presence or absence of natural milk oligosaccharides in feces, blood, urine, or tissue. However, some prerequisites hamper this simple approach as, for example, tissue and blood are not available or rather difficult to obtain from human infants. Also the methodological handling of a large number of samples is still a difficult task and requires standardized methods.
In the following, we briefly address the difficulties of compositional analysis before we present a summary of metabolic aspects from various studies which focus on the excretion of oligosaccharides in feces and urine. Heidelberg (1950+) In collaboration with R. Kuhn Heidelberg and Philadelphia (1950+) Combination of structural and functional studies 
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Compositional Analysis of Human Milk Oligosaccharides -Need for Standardized Methods
Standardized methods for routine analysis are not available yet, which is one major reason for the discrepancy between reported qualitative and quantitative data. For the identification of HMOs, various methods such as paper chromatography, HPLC coupled with mass spectrometry (MS), HPAEC-PAD (highperformance anion exchange chromatography), HPLC chip MS, capillary gel electrophoresis/laser-induced fluorescence techniques, or liquid chromatography-HPLC-MS have recently been used. All these methods provide detailed insights into the oligosaccharide pattern of individual milk samples, frequently paired with further information about the relative amount of single isomers. However, most of these techniques require a sophisticated and time-consuming sample preparation, which is a drawback for the analysis of large sample sets.
With regard to quantitative aspects, data from different laboratories also vary significantly [13] [14] [15] [16] [17] . Frequently, various MS methods are applied, and concentrations are given as "relative data". However, MS can hardly be recommended for quantitative purposes, and interpretation of those data should be done with caution [18] . In addition, there is the need for using laborious derivatization techniques, such as permethylation or labeling with fluorescence reagents. As a consequence of quantitative considerations, it would be necessary to prove the efficiency of derivatization after each single step. Also, it has to be kept in mind that often a time-consuming sample preparation with various centrifugation and/or extraction steps using different cartridges has to be performed before applying the sample to an MS instrument. The efficiency of those requirements may vary, for example, between individuals or laboratories, issues which should certainly be solved as soon as possible.
Metabolism of Human Milk Oligosaccharides
The high structural diversity of HMOs complicates acquiring a sophisticated knowledge on "what structures are important for infants' health" despite the recent methodological developments to characterize minute amounts of HMOs and their degradation products in biological samples.
Metabolic studies can help to identify if HMOs are absorbed and utilized by the infant's organism. Moreover, fecal oligosaccharide profiling might give an indication of the intestinal health of infants due to the known relationship between microbiota and the abundance of complex glycans in the infant's gut. Urinary excretion can support observations from studies addressing systemic effects of oligosaccharides.
Only recently, studies trying to prove a direct link between HMO structures and their prebiotic function in vivo in infants have been published. A recent proof-of-concept study indicated an association between the fecal HMO composition and gut microbiota of 2 breastfed infants over time, though both parameters differed substantially between both infants studied [19] . Another study showed a relationship between the fecal microbiome of exclusively breastfed infants and the HMO composition of the milk that was fed [20] . However, since the variation in both (HMOs and microbiota composition) is vast, unequivocal structure-function studies are inevitable for a better understanding of their association with health and disease.
First studies on fecal oligosaccharides and possible metabolites of HMOs in infants have already been reported by Lundblad's group in the 1970s [21] . Recent studies using new technologies either included only one or a low number of infants, or showed data from premature infants whose intestinal function may be very different from healthy term infants [22, 23] .
Current data have so far led to the conclusion that the major portion of HMOs reaches the lower gastrointestinal tract where HMOs might be used as nutritive factors by various microorganisms or influence their activities. The remainders are excreted intact or in metabolized form in feces or urine, indicating that there is no uniform metabolic process for all HMOs [5, 24, 25] . Figure 2 shows a summary of the intake, metabolism, and examples for potential functions of HMOs currently being discussed. 
Content of Human Milk Oligosaccharides in Term and Preterm Milk
To further improve infant formulas in order to gain more benefit from HMOs, a question often raised is how much of an individual component should be supplemented. In this context, some studies indicated that one has to differentiate between term and preterm milk, as the latter is considered to have either a higher content or a different pattern than term milk [15, 23] .
As we recently discussed, we found no difference in the total amount of HMOs between term and preterm milk, neither in colostrum nor in transitory or mature milk, which is exemplified for mature milk in Figure 3 a [16] .
Often, however, no distinction is made between secretor and nonsecretor milk among the pool of samples analyzed, which will be further discussed in the following.
Intake of Human Milk Oligosaccharides -Differentiation between Lewis Blood Group and Secretor/Nonsecretor Milk Status
It has been established for a long time that the HMO pattern depends on the genetic background of the mother, i.e., on the Lewis blood group and the secretor status ( Table 1 ) [26, 27] . This aspect is particularly important as feeding infants with a different HMO pattern might reduce or even increase the risk for certain diseases.
Grouping the same sample set of term and preterm milk ( Figure 3 a) according to the secretor status and the Lewis blood group of the mother, it is obvious that there are large differences between milk samples depending on the secretor and Lewis blood group specific pattern ( Fig. 3 b, c) . Differences between individual HMOs in both groups and in Lewis a, Lewis b and Lewis-negative milk samples are further discussed by Kunz et al. [16] .
Comparison of Human Milk Oligosaccharides in Milk, Urine, and Feces in Mother-Child Dyads
We performed 2 stable isotope studies collecting milk, feces, urine, and breath samples at each suckling over up to 36 h after having applied an oral bolus of 13 C-labeled glucose or galactose given to lactating mothers [28] [29] [30] [31] . In the following, we present some of these data together with those from 2 other cohort studies [16, 32] .
Urinary Excretion Pattern
Our data so far support the general conclusion that the overall pattern of neutral oligosaccharides in the urine from breastfed infants reflects that of their mothers' milk suggesting a strong association with the mothers' Lewis blood group and secretor phenotype. The major difference between the milk from mothers with blood group Lewis a, Lewis b, and Lewis 0 is a rather complex pattern in "Lewis b milk" compared to "Lewis a milk," and "Lewis negative milk" [25, 31, 32, 33] . Comparing HMOs from "Lewis a" or "Lewis b milk" with the urinary oligosaccharide pattern in the corresponding infants, for example, a similar pattern with the same molecular masses was observed [25, 30, 31] . Using MALDI-TOF (matrix assisted laser desorption ionization-time of flight)-MS, differences could be seen in the signal intensities for both, milk and urine, although the masses m/z 730 (LNT, LNnT), 876 (monofucosylated LNT/ LNnT), or 1022 (difucosylated LNT/LNnT), as well as others, are present in all samples. As lacto-N-fucopentaose (LNFP) I is characteristic for "Lewis b milk," one would expect that m/z 876, a major mass signal, represents this component; however, MS does not directly allow a clear assignment of various isomeric structures. Analyzing the fraction by HPAEC with pulsed amperometric detection enabling a separation of HMO isomers such as LNFP I and II, we were not able to detect LNFP I in any of the investigated urine samples from infants receiving "Lewis b milk" from their mothers [25, 31] .
Fecal Excretion Patterns -Changes with Time
Oligosaccharides known from human milk can be detected in many fecal samples from exclusively breastfed infants [26, 33] . Sometimes the feces of infants displayed a profile distinguishable from milk, where certain HMOs predominated and common, especially larger HMOs, were clearly diminished, and, often, no HMOs were detected, especially after 6-7 months of breastfeeding. Some infants had reduced abundances of larger structures and a remarkably high proportion of difucosylated LN(n)T (isomers) at m/z 1022, which, in contrast, could not be detected in other infants. The predominance of the signal at m/z 1022 was also reported by Albrecht et al. [34] in 1 infant. In other cases, however, we observed lower fecal HMO excretions in earlier samples (2 months of age) compared to follow-up samples (7 months of age). This observation is contradictory to the reports of Albrecht et al. [34] , who claimed a gradual decrease in HMO abundance with age, hypothesizing an association with gut (microbiota) maturity [22] .
Furthermore, one would expect that secretor-specific HMOs would only be present in feces or urine of infants fed milk from "secretor mothers" or "Lewis b mothers." However, we identified secretor-specific oligosaccharides 2 ′ FL, DFLT, and LNDFH I not only in urine and feces from infants fed "secretor milk," but often also in those fed "nonsecretor milk" [25] . This finding is in line with reports by Lundblad's group [21] for feces and the study by De Leoz et al. [35] for urine.
In addition and contradictory to other publications, we detected LNT and LNnT, 2 structures commonly present in human milk, in many infants' urine, and, if HMOs were present, in all fecal samples. In other reports on fecal samples, however, LNT was absent in samples from breastfed infants at different time points [22, 35] .
Perspectives
It can be concluded that there is no simple urinary or fecal excretion pattern of HMOs, although the pattern in urine often reflects the mother's secretor/nonsecretor status. However, there are obviously deviations for some single HMOs which deserve special attention. In feces, the variation in excretion is much higher than in urine, which may be caused by variations in the microbial composition within the gastrointestinal tract. A simple gradual decrease in HMO excretion with time as proposed earlier does not take place, as even after 7 months of exclusive breastfeeding intact HMOs can be detected, although in the majority of infants no oligosaccharides are present. In addition, we found that whenever oligosaccharides were detected in feces, LNT, the major core structure of HMOs, was present. Hence, our data do not support previous speculations that LNT is a preferable source for microbiota.
In general, large amounts of HMOs, i.e., several grams per day, reach the gastrointestinal tract of a human milk-fed infant. About 1-5% of HMOs seem to be excreted via infants' urine [19, 28, 29, 31, 36] . Determining the amount of individual HMOs in urine, about 50-160 mg LNT or LNFP II, for example, can be found, a clear indication that HMOs were absorbed [30] . Hence, several hundred milligrams of HMOs per day circulate in the infant's blood. Therefore, it can be expected that not only local effects of HMOs within the gastrointestinal tract but also systemic functions may occur.
Data presented so far raise the question what it means using human milk as the gold standard when it comes to a standard for the composition of HMOs. There are large differences in the total amount and in the pattern of individual HMOs based on the genetic background of the mother. Is the quality of human milk minor when specific HMOs are missing as it is the case in nonsecretors, which comprise about 20% of the population? Do nonsecretor infants deserve special attention assuming that they may have a higher risk for developing certain diseases? Therefore, it may not only be necessary to identify HMOs with the highest benefit for most infants, but also to determine the (health/disease) risk of infants based on their (im)maturity at birth as well as their own genetic background to improve the benefit of HMO supplementation.
Disclosure Statement
There are no conflicts of interest.
